Introduction
============

Ammonia synthesis is one of the most important processes in industry. Ruthenium catalysts are of particular interest for ammonia synthesis and have been widely investigated as they function under mild conditions and exhibit a tenfold increase in the rate of ammonia synthesis compared with the conventional promoted iron catalyst.[@cit1]--[@cit4] The energy barrier for N~2~ dissociation has been decreased with promotion by alkali/alkali earth metal oxides, which have electron donating ability, and this has led to significant enhancements in ammonia formation rates.[@cit5]--[@cit8] Therefore, a support or promoter with stronger electron donation ability may further enhance the activity of Ru catalysts. This has been achieved using electride materials such as C12A7:e^--^ and Y~5~Si~3~:e^--^,[@cit9]--[@cit13] where the electrons are localized in the cages/cavities as anions and can migrate onto the supported Ru to decrease the N~2~ dissociation barrier. For instance, the activation energy of Ru/C12A7:e^--^ for ammonia synthesis is 49 kJ mol^--1^, which is much lower than that of the conventional Ru--Cs/MgO catalyst (120 kJ mol^--1^), and the turnover frequency (TOF; 0.2 s^--1^) is one order of magnitude higher than that of the Ru--Cs/MgO catalyst (0.008 s^--1^).[@cit9],[@cit14] The anionic electron in electride easily traps dissociated H atoms at the same site to form hydride ions (H^--^) with the reversible reaction of e^--^ + H ↔ H^--^, which suppresses hydrogen poisoning of the Ru surfaces that always occurs with conventional Ru based catalysts.[@cit14]

However, various investigations reveal that the active sites of Ru particles consist of five Ru atoms exposing a threefold hollow hexagonal close-packed (hcp) site and a bridge site close together, *i.e.*, a B~5~-type site, where part of the atoms are edge/step atoms.[@cit15]--[@cit18] Both experimental results and theoretical calculations have shown that the barrier for N~2~ dissociation at a step site (B~5~ site) of a Ru (0001) face is approximately 0.4 eV, which is much lower than that at a terrace site (*ca.* 1.8--1.9 eV).[@cit18]--[@cit20] Thus, the dissociation rate of N~2~ at steps is at least 9 orders of magnitude higher than that on the terraces at 500 K. The number of B~5~ sites is sensitive to the particle size; the optimized Ru particle size for ammonia synthesis is in the range of 1.8--3.5 nm.[@cit15]--[@cit17] As a result, the fraction of B~5~ sites in total Ru atoms is rather small, which indicates that most Ru atoms are not active and are unused for the ammonia synthesis. A B~5~-site-independent Ru catalyst is thus desirable to improve the utilization rate of Ru.

Transition-metal (TM)-containing intermetallic compounds are promising candidates to realize high activity and high utilization of active TMs for various heterogeneous reactions, including ammonia synthesis.[@cit21]--[@cit25] With active TM atoms implanted into the lattice of an intermetallic compound, both the geometric configuration and charge state of TM atoms are modified *via* the crystal structure and chemical bonding effects, and the stability of the catalyst would be improved by preventing the aggregation of active sites. For instance, intermetallic LaCoSi with negatively charged Co has shown good activity and stability for ammonia synthesis.[@cit21] Ru exhibits higher activity for ammonia synthesis than Co, which suggests that Ru-containing intermetallics may also exhibit higher activity than LaCoSi, which was confirmed by the LaRuSi electride and YRu~2~ catalyst.[@cit26],[@cit27] These studies are strongly indicative of the possibility to realize active Ru sites other than B~5~ sites through the use of intermetallics. Following this suggestion, not only is the space for the exploration of new active catalysts expanded, but the approaches to improve catalytic activity will also be enriched.

Herein, we propose LnRuSi with layered Ru as a new type catalyst that differs from conventional Ru catalysts with B~5~ sites as active centers for ammonia synthesis. These intermetallic electrides are robust in terms of stability, even against some acids such as HNO~3~ and EDTA, in contrast to conventional electrides, which are unstable in the presence of air and moisture.[@cit28]--[@cit30] According to the acid durability of these electrides, we have developed a simple selective etching method using EDTA-2Na solution to remove surface Ln and Si, which enables the exposure rate of active Ru sites to be enhanced. The catalytic activity of etched LnRuSi toward ammonia synthesis is enhanced 2- to 4-fold compared with that of the original sample.

Results and discussion
======================

LnRuSi electrides crystallize in a tetragonal structure with the space group *P*4/*nmm* ([Fig. 1a](#fig1){ref-type="fig"}), where Ru and Si layers are separated and sandwiched by double layers of Ln. The Ln layers are composed of edge-shared Ln~4~ tetrahedra with a vacant space (V site) located at the center (depicted as light blue balls in [Fig. 1a](#fig1){ref-type="fig"}) that can accommodate an electron or hydrogen anion.[@cit27] The crystal quality of LnRuSi was confirmed by Rietveld refinements of the obtained powder XRD data ([Fig. 1b](#fig1){ref-type="fig"} and S1[†](#fn1){ref-type="fn"}). The 111 target phases with purity higher than 95 wt% were obtained for LaRuSi, CeRuSi and PrRuSi samples; however, the purity of NdRuSi was only as high as 83.5 wt%, and the 122 impurity phase was difficult to remove completely, even after long-time annealing. It is noteworthy that the XRD patterns show that the (00*l*)-orientation is favored for all ground LnRuSi powders, which indicates that the exposed surfaces of the present catalysts are dominated by (00*l*)-Ln/Ru/Si layers. This was confirmed by SEM measurements, as shown in Fig. S2,[†](#fn1){ref-type="fn"} where clear layered structures were observed for all LnRuSi compounds. The cleavage energy between different layers along the *z* direction was calculated for LaRuSi using DFT to determine the most possible exposed surface. As shown in Fig. S3,[†](#fn1){ref-type="fn"} the cleavage energy between La--La layers (0.051 eV Å^--1^) was much lower than that between La--Si layers (0.211 eV Å^--1^) and Ru--Si layers (0.312 eV Å^--1^). Therefore, cleavage between the La--La layers is most likely to occur during the milling process, *i.e.*, (00*l*)-La terminated surfaces should be the major exposed surfaces for the hand-milled powder of LaRuSi, and accordingly, for other LnRuSi compounds.

![(a) Crystal structure and (b) XRD patterns of LnRuSi (Ln = La, Ce, Pr and Nd). The gray square shows the unit cell of LnRuSi, while the light blue spheres in the Ln~4~ tetrahedra represent the vacant spaces for electrons or hydrogen anions.](c9sc01539f-f1){#fig1}

The catalytic performance for ammonia synthesis over the LnRuSi electride catalysts is shown in [Fig. 2](#fig2){ref-type="fig"} and summarized in Table S2.[†](#fn1){ref-type="fn"} The LnRuSi catalysts exhibited much higher activity than pure Ru powder with a similar surface area (as high as 30--80 times), and were comparable to conventional iron or ruthenium based catalysts. For instance, the ammonia yield over LaRuSi was 0.492%, which was much higher than that over commercial Fe--K~2~O--Al~2~O~3~ (0.164%) under same operation condition.[@cit31] On the other hand, no ammonia formation was observed over the Ru-free compounds, including the LaScSi electride, LaSi and La~5~Si~3~ (Table S3[†](#fn1){ref-type="fn"}), which indicates that lattice Ru atoms in LaRuSi are the active sites for ammonia synthesis.

![Catalytic performance for ammonia synthesis over LnRuSi catalysts before and after EDTA treatment. (a) Effect of surface area on activity for NH~3~ formation over LaRuSi, (b) activity over LnRuSi, and (c) stability, and (d) effect of temperature for LaRuSi. The catalytic activities were measured for 0.1 g of catalyst at 0.1 MPa with H~2~/N~2~ = 45/15 mL min^--1^ flow, observed temperature for (a--c) was 400 °C.](c9sc01539f-f2){#fig2}

Moreover, present LnRuSi electrides are robust to air and water. The ammonia synthesis over LaRuSi catalysts that were stored in air for half year and treated with water for 24 h. The ammonia formation rate for these samples were 1800 and 1760 μmol g~cat~^--1^ h^--1^, respectively, almost identical to that for the as prepared catalyst of 1810 μmol g~cat~^--1^ h^--1^ (Table S4[†](#fn1){ref-type="fn"}). The XRD measurements were performed for these samples, and we did not find any clear phase change (Fig. S4[†](#fn1){ref-type="fn"}). Moreover, even after the used catalyst is stored in air for 1 year, the catalytic activity is not decreased (1780 μmol g^--1^ h^--1^) without any phase change. These observations demonstrate the excellent stability of the present catalyst.

An attempt was made to increase the surface area of the LnRuSi catalysts by vigorous milling for longer times to enhance the catalytic activity. For the LaRuSi catalyst, the surface area was increased from 1.0 to 1.4 and 1.8 m^2^ g^--1^ by increasing the milling time from 0.5 to 1.0 and 2.0 h, respectively. However, the ammonia formation rates for these two samples were almost the same as that for the low surface area sample ([Fig. 2a](#fig2){ref-type="fig"}, blue symbols and Table S2[†](#fn1){ref-type="fn"}). These results suggest that the exposed Ru active sites did not change as the surface area increased. The La--La layer is most likely to be cleaved (Fig. S3[†](#fn1){ref-type="fn"}); therefore, longer milling times should result in an increase of the inactive La exposed layer rather than desired Ru layers. Therefore, although the surface area was increased, the exposure of Ru active sites was not significantly enhanced (shown schematically in Fig. S5a[†](#fn1){ref-type="fn"}), which resulted no significant change of the ammonia synthesis rates.

Chemical etching is one of the most powerful routes to modify the surface structure of intermetallics.[@cit32]--[@cit35] For example, selective removal of Gd atoms on the surface layers was reported by etching intermetallic Pt~5~Gd in HClO~4~ solution, which led to a 5-fold increase in the oxygen reduction reaction relative to pure Pt.[@cit32] We propose that selective chemical etching with acid to remove the surface Ln and Si of LnRuSi could increase the exposure of Ru sites, which would enhance the activity for ammonia synthesis (Fig. S5b[†](#fn1){ref-type="fn"}). LaRuSi was used to determine the optimal conditions for chemical etching ([Table 1](#tab1){ref-type="table"}). The results showed that HNO~3~ acid did not significantly change either the activity or surface area. XRD and SEM measurements ([Fig. 3](#fig3){ref-type="fig"}) showed that there was no phase change during HNO~3~ treatment. This is mainly due to the oxidation ability of HNO~3~, which may passivate the surface by the formation of oxides. Highly concentrated HCl acid reacted with LaRuSi rapidly; La was completely dissolved and amorphous Ru--Si and H~2~ were formed as the products (Fig. S6 and S7[†](#fn1){ref-type="fn"}). Although with a high surface area, the amorphous Ru--Si obtained had low catalytic activity. With diluted HCl acid (0.02 M), La could be partially removed, but the reaction was still very strong, whereby H~2~ was rapidly formed, and the catalytic activity was only slightly enhanced. The H~2~ formation rate was decreased significantly using 50% HCOOH solution, and the ammonia formation rate for the resultant sample was increased from 1100 to 1966 μmol g~cat~^--1^ h^--1^. These results indicate that control of the etching strength is a key factor to optimize exposure of the Ru sites. EDTA is a well-known chelating acid for fixing Ca^2+^, Ga^3+^ and La^3+^ ions;[@cit36]--[@cit38] therefore, EDTA-2Na solution was used for the selective etching of LaRuSi. XRD measurement shows that EDTA treated LaRuSi maintained the original phase with the minor formation of hydride, while the surface was etched (see the SEM images [Fig. 3](#fig3){ref-type="fig"} and S9[†](#fn1){ref-type="fn"}). The concentration of the EDTA-2Na solution and the etching time were changed, and the activity of the EDTA-treated LaRuSi increased linearly with the surface area, unlike the sample not treated with EDTA ([Fig. 2a](#fig2){ref-type="fig"}), which demonstrates that the present etching method is a promising route to enhance ammonia synthesis activity, and suggests that higher ammonia formation rates can be achieved when a finer catalyst powder is prepared. The optimized condition for etching was: 0.2 g LaRuSi powder with 5 mM EDTA-2Na (10 mL) for 5 h (Fig. S8,[†](#fn1){ref-type="fn"} etching time longer than 5 h did not further change the specific surface area and activity). This treatment resulted in ammonia formation rates for LaRuSi at steady state of 3020 and 5340 μmol g~cat~^--1^ h^--1^ at 340 °C and 400 °C, respectively ([Table 2](#tab2){ref-type="table"}), which were approximately 3 times higher than that of the original catalyst. These reaction rates were much higher than other unloaded catalysts, such as LaCoSi,[@cit21] Co~3~Mo~3~N[@cit31] and YRu~2~,[@cit26] and even higher than that over the Ru/C12A7:e^--^ catalyst.[@cit14] The same EDTA treatment process (0.2 g of catalyst placed into 10 mL of 5 mM EDTA-2Na solution for 5 h) was performed for the other LnRuSi catalysts and the etching of surfaces were confirmed by SEM measurement (Fig. S10--S12[†](#fn1){ref-type="fn"}). As shown in [Fig. 2b](#fig2){ref-type="fig"} and [Table 2](#tab2){ref-type="table"}, the ammonia formation rates of all the catalysts were increased 2 to 4-fold by the EDTA treatment. The TOF values for LnRuSi were as high as *ca.* 0.06 s^--1^ at 400 °C, which is 600 times higher than that for pure Ru powder and much higher than other reported unloaded catalysts and even the Cs--Ru/MgO catalyst, which demonstrates the superior performance of the present catalysts.

###### Selective chemical etching of LaRuSi with various acids

  Entry   Acid               pH of acid solution   Etching time (h)   *S* ~BET~ (m^2^ g^--1^) for resultant sample[^*a*^](#tab1fna){ref-type="table-fn"}   NH~3~ formation rate at 400 °C[^*b*^](#tab1fnb){ref-type="table-fn"} (μmol g^--1^ h^--1^)
  ------- ------------------ --------------------- ------------------ ------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------
  1       1 M HNO~3~         0                     3                  2.9                                                                                  1270
  2       0.1 M HNO~3~       1                     3                  1.7                                                                                  960
  3       0.01 M HNO~3~      2                     3                  1.7                                                                                  1070
  4       1 M HCl            0                     3                  274.0                                                                                50
  5       0.2 M HCl          0.7                   3                  92.0                                                                                 350
  6       0.02 M HCl         1.7                   3                  5.6                                                                                  1520
  7       50% HCOOH          1.08                  3                  2.9                                                                                  1970
  8       10% HCOOH          1.68                  3                  2.8                                                                                  1610
  9       0.1 M EDTA-2Na     4.92                  3                  1.5                                                                                  1740
  10      0.05 M EDTA-2Na    4.92                  3                  1.7                                                                                  2090
  11      0.01 M EDTA-2Na    4.94                  3                  3.3                                                                                  4320
  12      0.005 M EDTA-2Na   4.96                  3                  4.1                                                                                  5010
  13      0.001 M EDTA-2Na   5.02                  3                  4.9                                                                                  3260
  14      0.005 M EDTA-2Na   4.96                  0.5                2.3                                                                                  3560
  15      0.005 M EDTA-2Na   4.96                  1                  2.8                                                                                  3380
  16      0.005 M EDTA-2Na   4.96                  5                  4.0                                                                                  5180
  17      0.005 M EDTA-2Na   4.96                  11                 4.2                                                                                  5360
  18      0.005 M EDTA-2Na   4.96                  24                 4.1                                                                                  5080
  19      0.005 M EDTA-2Na   4.96                  30                 4.1                                                                                  5250
  20      Without acid       ---                   ---                1.4                                                                                  1100

^*a*^The BET surface area was measured before ammonia synthesis.

^*b*^The activities were recorded after holding at 400 °C for 1 h. Operation conditions: 0.1 g of catalyst at 400 °C and 0.1 MPa with H~2~/N~2~ = 45/15 mL min^--1^ flow.

![SEM images of LaRuSi samples: (a) as-prepared, (b) treated in 1 M HNO~3~ acid for 5 h, and (c) treated in 5 mM EDTA-2Na solution for 5 h. (d) XRD patterns for: (1) LaRu~2~Si~2~ (simulated), (2) LaRuSi (simulated), (3) as-prepared LaRuSi, (4) LaRuSi treated in 1 M HNO~3~ acid for 5 h, and (5) LaRuSi treated in 5 mM EDTA-2Na solution for 5 h.](c9sc01539f-f3){#fig3}

###### Catalytic performance for various catalysts

  Catalyst                                                         *S* ~BET~ (m[@cit2] g^--1^)   *r* [^*a*^](#tab2fna){ref-type="table-fn"} (μmol g^--1^ h^--1^)   TOF[^*b*^](#tab2fnb){ref-type="table-fn"} (s^--1^)   *E* ~a~ (kJ mol^--1^)   Ref.            
  ---------------------------------------------------------------- ----------------------------- ----------------------------------------------------------------- ---------------------------------------------------- ----------------------- --------- ----- -----------
  LaRuSi before EDTA                                               1.4                           840                                                               1810                                                 0.028                   0.060     40    This work
  LaRuSi after EDTA                                                4.2                           3020                                                              5340                                                 0.033                   0.059     48    This work
  CeRuSi before EDTA                                               1.6                           770                                                               1680                                                 0.022                   0.047     47    This work
  CeRuSi after EDTA                                                4.0                           2650                                                              5480                                                 0.030                   0.062     52    This work
  PrRuSi before EDTA                                               1.5                           560                                                               1180                                                 0.017                   0.035     45    This work
  PrRuSi after EDTA                                                2.0                           1010                                                              2370                                                 0.023                   0.053     52    This work
  NdRuSi before EDTA                                               1.5                           280                                                               670                                                  0.008                   0.020     51    This work
  NdRuSi after EDTA                                                2.2                           1230                                                              3000                                                 0.025                   0.061     55    This work
  Ru (1.2 wt%)/C12A7:e^--^[^*c*^](#tab2fnc){ref-type="table-fn"}   1--2                          1160                                                              2760                                                 0.083                   0.197     49    [@cit9]
  Ru (1.8 wt%)/C12A7:e^--^                                         1.0                           2020                                                                                                                   0.068                             51    [@cit14]
  Cs--Ru (1.0 wt%)/MgO[^*c*^](#tab2fnc){ref-type="table-fn"}       12                                                                                              2260                                                                         0.013     86    [@cit9]
  Cs--Ru (2.0 wt%)/MgO                                             12                            3200                                                                                                                   0.009                             120   [@cit14]
  Ru                                                               3.1                                                                                             23                                                                           0.00009         This work
  Ru[^*d*^](#tab2fnd){ref-type="table-fn"}                         3.1                                                                                             12                                                                           0.00005         [@cit26]
  YRu~2~[^*c*^](#tab2fnc){ref-type="table-fn"}                     0.7                                                                                             490                                                                          0.014     73    [@cit26]
  YRu~2~                                                           6.4                                                                                             3320                                                                         0.011           [@cit26]
  Co~3~Mo~3~N                                                      8.5                                                                                             800                                                                          0.0012    57    [@cit21]
  LaCoSi                                                           1.8                                                                                             1250                                                                         0.031     42    [@cit21]
  Fe--K~2~O--Al~2~O~3~[^*e*^](#tab2fne){ref-type="table-fn"}       14                                                                                              330                                                                                    56    [@cit31]

^*a*^Operation condition: 0.1 g of catalyst at 0.1 MPa with H~2~/N~2~ = 45/15 mL min^--1^ flow. The ammonia formation rates were measured after holding at 400 °C for 24 h.

^*b*^CO is not easily adsorbed on the bulk catalysts; therefore, the estimation was conducted using the surface area (*S*~BET~) and the covalent radii of active atoms, and the Wigner--Seitz radii as the averaged radii for the bulk compounds.

^*c*^0.2 g of catalyst.

^*d*^0.5 g of catalyst.

^*e*^0.4 g of catalyst.

[Fig. 2c](#fig2){ref-type="fig"} shows the time course for NH~3~ formation over LaRuSi before and after treatment with EDTA. The ammonia formation rate increased initially and then became stable for the untreated sample, while it was steady for the EDTA-treated sample. This indicated that no aggregation and/or leaching occurred during ammonia synthesis. The temperature dependence was also measured for all the LnRuSi catalysts before and after EDTA treatment ([Table 2](#tab2){ref-type="table"}). The EDTA-treated catalysts showed much higher activity than the untreated catalysts in the range examined (260--400 °C) with similar apparent activation energies (*E*~a~) ranging from 40 to 55 kJ mol^--1^ (Fig. S13[†](#fn1){ref-type="fn"}). For instance, the *E*~a~ values for LaRuSi before and after EDTA treatment were 40 and 48 kJ mol^--1^, respectively, which was similar to that for the electride-supported Ru catalysts.[@cit4],[@cit9],[@cit13] The reaction orders for LaRuSi before and after EDTA treatment were almost same (Table S6[†](#fn1){ref-type="fn"}). The positive hydrogen reaction order of around 0.6 indicates that the hydrogen poisoning effect was avoided *via* reversible hydrogen absorption/desorption over LaRuSi due to the intrinsic nature of the anionic electron.[@cit27] Fig. S14[†](#fn1){ref-type="fn"} shows the effect of pressure for the LaRuSi catalysts, where the ammonia formation rate increased approximately 2.6-fold for both samples when the pressure was raised from 0.1 to 0.9 MPa.

XRD measurements were performed for the EDTA treated LnRuSi catalysts to check the stability (Fig. S15[†](#fn1){ref-type="fn"}). For all catalysts after ammonia synthesis, the H^--^ ions, which are crucial for the formation of ammonia,[@cit27] were incorporated and LnRuSiH~*x*~ hydrides were formed as the dominant phase. Since LnRu~2~Si~2~ cannot incorporate H^--^ ions,[@cit27] its phase should not be changed during ammonia synthesis, which was confirmed for the samples without EDTA treatment. However, the 122 phase increased slightly for the EDTA-treated catalysts after ammonia synthesis, which will be discussed later. Consequently, LnRuSiH~*x*~ as the actual catalyst remained stable during ammonia synthesis for EDTA-treated catalysts, *i.e.*, EDTA treatment did not affect the robust ability of LnRuSi electrides.

ICP-AES measurement of the solution after EDTA treatment of LaRuSi was performed. As shown in Table S7,[†](#fn1){ref-type="fn"} the dissolved species were predominantly La and Si, while only a small amount of Ru was detected (*ca.* 3% of La), *i.e.*, surface La and Si were removed during the EDTA etching process, so that the Ru layer emerged to the surface. The amount of La removed was slightly higher than that of Si, which suggests the possibility for the formation of LaRu~2~Si~2~ at Si-rich sites, which was confirmed by XRD measurements (Fig. S15[†](#fn1){ref-type="fn"}). XPS measurements were also conducted to evaluate the amounts and valence states of surface species. [Fig. 4](#fig4){ref-type="fig"} shows that the intensity of the La 3d and Si 2s signals decreased significantly after EDTA treatment, while that of Ru 3p was significantly increased. The intensities of these signals changed slightly after ammonia synthesis. [Fig. 4d](#fig4){ref-type="fig"} shows the estimated ratios of surface La, Ru and Si. The Ru ratio increased from 0.15 to 0.54 after EDTA treatment, and decreased slightly to 0.46 after ammonia synthesis, probably due to the reconstruction process. The La to Si ratio was almost constant for all three samples, which indicates that the surface La and Si layers were simultaneously removed during EDTA treatment, as supported by the ICP-AES results. Both the ICP-AES and XPS results revealed that the amount of exposed Ru sites on the surface was increased after EDTA treatment, which was the key reason for enhancement of the catalytic activity. On the other hand, the valence state of Ru was initially negative (460.6 eV present, and 461.4 eV for Ru metal); it became positive after EDTA treatment (461.9 eV) due to the partially oxidation of exposed Ru on the surface, and then returned to negative (460.8 eV) with the reduction of hydrogen during ammonia synthesis. This indicates that during ammonia synthesis, the exposed Ru was still in a negatively charged state for the EDTA-treated catalysts.

![XPS (a) La 3d, (b) Ru 3p and (c) Si 2s spectra for various LaRuSi catalysts: (1) without EDTA treatment, and with EDTA treatment (2) before and (3) after ammonia synthesis at 400 °C for 80 h. (d) Surface ratios of La, Ru and Si obtained from the XPS peak area.](c9sc01539f-f4){#fig4}

Most of the catalytic properties of LaRuSi, including the activation energy, reaction orders and pressure effect, remain unchanged before and after EDTA treatment, which suggests that the active sites for both samples are layered Ru in the negative charge state; however, the possibility for the formation of Ru nanoparticles *via* aggregation on the surface during reaction cannot be excluded. Therefore, HAADF-STEM measurements were performed to determine whether Ru nanoparticles were formed on EDTA-treated LaRuSi. The homogeneous lattice fringes were present in both bright and dark areas ([Fig. 5](#fig5){ref-type="fig"}), which demonstrates that there were no Ru nanoparticles on the surface. This was further supported by the FFT pictures in [Fig. 5](#fig5){ref-type="fig"} and the selected area electron diffraction pattern in Fig. S16:[†](#fn1){ref-type="fn"} the tetragonal structure corresponding to LaRuSi lattice was clearly observed, while the hexagonal structure that corresponds to Ru metal was not observed. In addition, no Ru peaks were evident in the powder XRD measurements (Fig. S15[†](#fn1){ref-type="fn"}). Therefore, it was concluded that there were no Ru particles on the EDTA-treated LaRuSi surface.

![HAADF-STEM images of EDTA-treated LaRuSi catalyst. (a and b) Before and (c and d) after ammonia synthesis. Insets in (a) and (c) show the fast Fourier transform (FFT) for the images, which indicate that the catalyst is a tetragonal structure.](c9sc01539f-f5){#fig5}

We have recently reported that the LaRuSi electride exhibited good activity for ammonia synthesis due to its electride character; negatively charged Ru together with lattice H^--^ ions, which can reversibly exchange with anionic electrons, are the key factors in the promotion of ammonia formation.[@cit27] A large difference in the activation energy for ammonia formation (40 kJ mol^--1^) and N~2~ isotope exchange reaction (157 kJ mol^--1^) indicated the strong adsorption of N~2~ or N atoms on the LaRuSi surface, so that N~2~ would be activated through the hot-atom mechanism suggested for LaCoSi.[@cit21] The heat released from adsorption leads to the simultaneous desorption of H from lattice H^--^, which immediately combines with adsorbed N to form NH~*x*~. The Ru--N bond is thus weakened through the hydrogenation process, and ammonia is finally formed and desorbed. However, how planar Ru in LnRuSi acts to activate N~2~ has not been discussed previously. It is well-accepted that terrace Ru atoms are not active for ammonia synthesis because both experiments and DFT calculations showed that the apparent activation energy for N~2~ dissociation at terrace sites of the Ru (0001) face was as high as 1.8--1.9 eV. Considering the large Ru--Ru distance in LnRuSi (*ca.* 0.30 nm, Table S8[†](#fn1){ref-type="fn"}), which differs from Ru metal or YRu~2~ (*ca.* 0.26 nm), together with the layered geometric configuration, N~2~ activation over LnRuSi should be different from that over conventional Ru catalysts.

Here DFT calculations were performed to investigate how the N~2~ was adsorbed and activated on the LaRuSi(001)--Ru surface; the reaction path for N~2~ dissociation and the adsorption states are shown in [Fig. 6](#fig6){ref-type="fig"} and S17--S19,[†](#fn1){ref-type="fn"} respectively. The most stable adsorption configuration of N~2~ on LaRuSi(001)--Ru is where a N~2~ molecule is adsorbed parallel on the hollow site of La and bonded with four surface Ru atoms, and La is beneath the surface Ru layer and centered within a square of Ru atoms (Fig. S17a[†](#fn1){ref-type="fn"}). The deformation charge density for this adsorption state (Fig. S19a[†](#fn1){ref-type="fn"}) clearly showed that electrons are transferred from Ru to N~2~, which weakens the N0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N triple bond with an elongated bond length (from 0.111 nm to 0.127 nm). As a result, the negatively charged nitrogen has a strong coulombic attraction with the positively charged lanthanum atom, which leads to a larger adsorption energy of --4.21 eV. The N~2~ dissociation barrier is 1.30 eV, and two dissociated N atoms locate at the hollow sites of La and Si with an adsorption energy of --4.44 eV (Fig. S18a[†](#fn1){ref-type="fn"}). The strong exothermic adsorption of N~2~ and the relatively low dissociation barrier indicate that the adsorbed N~2~ can be easily dissociated into N atoms without further addition of energy.[@cit21] In this model, all Ru atoms on the surface are active for ammonia synthesis. This is quite different from that of the conventional Ru catalyst. For instance, N~2~ activation only occurs at B~5~ sites in the conventional Ru catalyst, and the adsorption energies for N~2~ and 2 N are respectively --0.7 and --0.8 eV,[@cit17],[@cit18] which are much lower than that on the LaRuSi surface. In the conventional Ru catalyst, N~2~ is adsorbed perpendicular on the step site and the overall dissociation barrier is 0.4 eV with the dissociated N adsorbed at the 3-fold hcp site.[@cit19] These differences clearly demonstrate that layered Ru in LnRuSi is independent from B~5~ site active centers for ammonia synthesis. Further calculations and related studies to clarify the detailed reaction mechanism are in progress.

![N~2~ activation pathways on the LaRuSi(001)--Ru surface by DFT calculations.](c9sc01539f-f6){#fig6}

Conclusions
===========

In summary, we have reported a B~5~-site-independent Ru catalyst, the LnRuSi electride, which exhibits good performance for ammonia synthesis. With respect to their robust durability toward acids, surface Ln and Si are removed while more Ru sites emerge by selective etching using EDTA-2Na acid, which results in a 2- to 4-fold increase in the activity compared to that of the original samples. The estimated TOFs for the LnRuSi catalysts under mild conditions (0.1 MPa, 400 °C) were approximately 0.06 s^--1^, which is 600 times higher than that of Ru powder. DFT calculations revealed that the specific LnRuSi structure stabilized N~2~ adsorption with a strong exothermic effect, which decreased the apparent activation energy for N~2~ dissociation. Therefore, N~2~ activation is much easier on the Ru plane of LnRuSi than that on conventional Ru catalysts. We propose that the present air- and acid-durable LnRuSi electride catalysts are applicable to catalytic reactions in water/acid atmospheres, in which conventional electrides do not function well. The present EDTA etching method would also be useful to enhance the activities of other noble metal-containing intermetallic catalyst systems.
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